In the previous study, flame retardant (FR) polyamide 11 (PA11) nanocomposites formulations designed for selective laser sintering (SLS)were prepared and characterized. The SEBS-g-MA elastomer successfully improved the material's ductility. Although the nonhalogenated FR additives and montmorillonite (MMT) nanoclay successfully decreased the heat release capacity (HRC) and peak heat release rate (pHRR) as characterized by microscale combustion calorimeter (MCC). None of the rubber toughened formulations achieved UL 94 V0 rating, which is a bench mark for many FR polymer applications. As part two of this study, we explored the synergism between two nanoparticles, nanoclay and multiwalled carbon nanotubes (MWNTs), to see whether better FR properties can be achieved. TEM micrographs indicate that both nanoclay and MWNTs achieved high level of dispersion. Flammability results showed that all formulations achieved UL 94 V0 rating, which is a significant improvement from the previous formulations without MWNTs. Char morphology characterization indicated that a solid carbonaceous char layer was reinforced by nanoclay and MWNTs.
Introduction
Selective laser sintering (SLS) is a powder-based additive manufacturing technique developed by Dr. Carl Deckard and his adviser Professor Joseph J. Beaman at The University of Texas at Austin in the late 1980s. Since a wide variety of materials including polymers, metals, and ceramics can be used to make complex geometries, SLS has gained popularity in creating prototypes. However, only a handful selections of polymeric materials are available for it, i.e., nylons and polystyrene, etc. [1] . This is because a large enough "sintering window" is crucial for successful SLS printing [2] . As the applications of additive manufacturing expands rapidly, there is a need to develop SLS ready polymer materials with improved functionalities, such as electrical conductivity and flame retardant properties.
To satisfy the increasing demand, we explored the method of formulating FR polyamide 11 using twin screw extrusion. Through the use of commercially available additives, the process can be easily scaled up for industrial production. The previous study [3] focused on formulations that includea non-halogenated FR additive, SEBS-g-MA elastomer, and MMT nanoclay. Although similar formulations achieved good flame-retardant properties in polyamide 6 (PA6), flammability data showed that they were not sufficient to achieve satisfactory flammability results [4] . Numerous researches have shown that carbon nanotubes (MWNTs) could improve the material's thermal stability [5] [6] [7] , FR performance, and the synergism between the MWNTs and nanoclay [8, 9] . Johnson et al. [10] carried out a study on FR PA11 formulations in which they successfully achieved a UL 94 V0 rating by using FR additives and the addition of two nanoparticles, nanoclay and carbon nanofibers (CNFs). Although the formulations achieved the V0 rating standard, their tensile elongation at break suffered with a low value of about 4%. Because carbon nanotubes have a larger aspect ratio than CNFs, we replaced CNFs with MWNTs to achieve better flameretardant and mechanical properties.
Hence, for the second part of the study, we studied the combined effects of FR, elastomer, nanoclay, and MWNTs on mechanical and flammability properties. The objective of this study is to investigate the potential synergistic effect between nanoclay and MWNTs on flame-retardant properties. Same as with the previous studies, the FR PA11 formulations were prepared by twin screw extrusion. Thermal stability, flammability, mechanical, and morphological microstructure analysis were characterized and discussed.
Experimental

Materials
Based on the previous studies [3] , the following materials were selected as candidates for PA11 polymer nanocomposite formulations with improved elongation at break and flammability properties.
A commercially available FR polyamide 11 from Advanced Laser Materials (ALM) was used in this study for comparison purposes. All the data used in this paper are from the company's published data sheet. A halogenated FR containing bromine was used in the ALM's FR PA11 [11] .
Polymer Resin
The base polymer used in this study is Rilsan PCG LV polyamide 11 manufactured by Arkema Inc. Technical Polymers (Lacq, France). PA11 is a high-performance polymer of 100% renewable origin with good abrasion resistance, crack propagation, heat resistance, ductility, and easy processing. PA11 has a melting temperature of 189 ∘ C.
A SEBS-G-MA copolymer, Kraton FG1901 G (denoted as "K"), was provided by Kraton Polymers Inc. (Houston, TX, USA). K is a clear triblock copolymer based on styrene and ethylene/butylene with a polystyrene content of 30% and has an elongation at break of 500%.
Nanoparticles
Two types of nanoparticles were used in this study: Cloisite 30B nanoclay (NC) and Baytubes C70 P multiwalled carbon nanotubes (MWNTs). The addition of these two nanoparticles into the polymer matrix will reinforce the material in the nanoscale as well as enhance the dimensional stability and mechanical properties. Thermosetting and thermoplastic nanomodification is well documented by Koo [12] . In order to achieve the potential improvements by the addition of the nanoparticles in the polymer matrix, the nanoparticles usually require a uniform dispersion, which is achieved by optimized processing.
Provided by Southern Clay Products, Cloisite 30B is a natural montmorillonite modified with a quaternary ammonium salt MT2EtOH (Figure 1 ) [13] . Studies have shown that surfactants with single long alkyl tail result in best exfoliation of the clay platelets [14] . Cloisite is often used as an additive for plastics to improve various plastic physical properties, such as heat deflection temperature, coefficient of linear thermal expansion, and to form a barrier. Baytubes C70 P was provided by Bayer Material Science. This nanomaterial has improved dispensability, which makes them well suited for mechanically sensitive polymers. 
Flame-retardant additive
The FR additive used for this study is Exolit OP1312 provided by Clariant International Ltd. (Switzerland). Exolit OP1312 is a non-halogenated flame-retardant additive based on organic aluminum phosphinates. Its flameretardant mechanism is through intumescence, whereby a protective aluminum phosphate barrier is formed to isolate the combustion fuel source from heat and oxygen [15] . The decomposition products of melamine phosphate including ammonia, and CO 2 not only dilutes the fuel but also help creates a foamed char structure working as an effective heat insulating barrier.
Processing and specimens preparation
A total of seven formulations were twin screw extruded with different loadings (wt.%) of FR, elastomer, nanoclay, and MWNT as shown in Table 1 . A Thermo Scientific Process 11 Parallel Twin Screw Extruder was used for compounding. PA11 was dried at 80 ∘ C for 24 hours prior to processing. The FR additive, elastomer, nanoclay, and MWNT were used as received. To ensure a homogenous dispersion, each formulation was pre-mixed by physical stir mixing prior to melt-compounding. The extruded formulations were made into small pellets, air cooled, then dried at 80 ∘ C for 24 hours before injection-molding. Table 2 shows the processing conditions for each set for this study, which includes the feeding rate of the material, the twin screw speed, the temperatures between the different sections in the twin screw, the Mini-Jector temperature at three different locations, and the mold temperature. 
Characterization
Thermal stability
Thermal stability is a polymer's resistance to permanent property changes caused solely by heat. Thermogravimetric analysis (TGA) is commonly used to assess thermal stability of polymers, namely decomposition temperature. Thermal decomposition of each polymer blend was assessed by a TGA-50 from Shimadzu Scientific Instruments, which measures the mass of the sample as a function of temperature under nitrogen environment. The samples were heated in a nitrogen environment from room temperature to 1,000 ∘ C at a heating rate of 10 ∘ C/min. The nitrogen flow was 20ml/min. A single TGA test was performed on each formulation and was used to determine the decomposition temperatures at 10% and 50% mass loss (T 10% and T 50% , respectively).
Flammability (1) Micro-scale Combustion Calorimetry (MCC)
A Micro-scale Combustion Calorimeter (MCC2, Govmark, Inc.) was used to measure the thermal combustion properties according to ASTM D7309-2007. The combustor temperature was held constant at 900 ∘ C and the heating rate of the pyrolysis was 1 ∘ C/sec. The percentage of oxygen consumption was measured to calculate the heat release [16] . The values for the peak Heat Release Rate (pHRR) and Heat Release Capacity (HRC) were obtained from the analysis software that comes with the MCC instrument by Daetek. The HRC is calculated by dividing the pHRR with the actual heating rate. Each sample was tested 3 times to calculate standard deviations.
(2) UL 94
UL 94 is a standard, small scale, flame test for flammability of plastics materials, which determines the material's tendency to either self-extinguish or to spread the flame once the specimen has been ignited. This test is a preliminary indicator of a plastic's acceptability as a component of a device or appliance. There are three ratings, V2, V1, and V0, where V0 is the best UL 94 rating. These ratings indicate whether the material was tested in a vertical position, the time it took to self-extinguish, and whether the test specimen dripped flaming particles that ignited a cotton indica- tor below the sample. For this study, the UL 94 testing requirements and procedures were followed despite our lab not being officially certified for UL 94 testing. Therefore, the results serve only as a screening tool. The materials were conditioned for 48 hours at 25 ∘ C and 50% relative to humidity before testing. A total of five 1.27 cm x 12.7 cm (½" x 5") specimens were tested for each blend.
Tensile Tests
Based on the UL 94 and MCC results, two formulations were selected for tensile testing. The tensile tests were performed using an Instron Tension Tester with model number 5966. The crosshead speed was 5mm/min and the distance between the grips was 115mm. Prior to testing, the samples were conditioned at 25 ∘ C and 50% relative humidity for 48 hours. The average values and standard deviation (SD) of the tensile properties were calculated by performing five trials for each formulation.
Morphological microstructural analysis (1) Transmission Electron Microscopy (TEM)
TEM was used to examine the dispersion of the additives. Formulation #1 15FR_10K_2.5NC_2.5MWNT was selected for TEM. Ultrathin sections of the extruded filament samples in the range of 70nm were obtained by microtoming using a Leica Ultramicrotome with a diamond knife. The sections were then placed on 400 mesh copper grids. The grids were then put into a FEI Tecnai Transmission Electron Microscope working at accelerating voltage of 80 kV for imaging.
(2) Scanning Electron Microscopy (SEM)
Because all formulations have similar additives with varying concentrations, the formulation with the best flameretardant property was analyzed to understand the morphology and char formation mechanism. The fractured surface of the post-tensile test specimens was analyzed using FEI Quanta 650 ESEM to gain a better understanding of how the additives affect the structure and properties of the nanocomposite. Similarly, another microstructural analysis was conducted on post-test UL 94 specimen to gain better understanding of the char layer's protective mechanism. To minimize charging, all samples were sputter coated with Au/Pd prior to SEM analysis.
Results and discussion
Thermal Stability
The results from the TGA experiment in Figure 2 indicate that all formulations have slightly lower onset degradation temperature than PA11. This is due to the nature of the mechanism of the FR additives [17] . All nanocomposite formulations except 15FR_15K_2.5NC_2.5MWNT have identical degradation curves as shown in Figure 2 . In fact, the mass loss curves of the nanocomposite samples in this . This indicates that the MWNTs does not significantly affect the thermal stabilities of the overall formulations. Previous have shown that the elastomer appears to have very little effect on the thermal degradation behavior of the blends whereas the addition of FR and nanoclay could effectively improve the decomposition temperature. The decomposition temperatures for both 10% and 50% mass loss, T 10% and T 50% , respectively, were summarized in Table 3 . All nanocomposite formulations yield higher char residue than PA11. There is no apparent trend in the T 10% for any of the formulations. At T 10% , neat PA11 is at 403 ∘ C and only formulations 15FR_15K_2.5NC_2.5MWNT and 15FR_20K_3.5NC_3.5MWNT have higher T 10% at 410 ∘ C and 411 ∘ C, respectively. This drop in initial decomposition temperature is caused by the strong interactions between the PA11 matrix and polyphosphate and phosphinate from the flame-retardant additive. According to Braun et al. [15] the phosphate is a strong Lewis base, and the α-carbon within the amide group is a Lewis acid. Therefore, the combination of these to result in a catalytic effect on the decomposition of the polyamide. The T50% for all nanocomposite formations is about the same at 468 ∘ C except for formulation 15FR_15K_2.5NC_2.5MWNT, which is higher at 485 ∘ C.
After heating the materials to 1,000 ∘ C, neat PA11 has less than 1% of char residue left whereas the char residue of all other formulations significantly increased to a low of 6.7% to a high of 11.3%. There is no apparent trend in the 
Flammability
MCC
The heat release behavior of all formulations and the commercially available ALM FR PA11 powder are shown in Figure 3 . Heat release curves indicate that neat PA11, FR nanocomposite formulations, and the ALM FR PA11 have very different heat release patterns. Although ALM FR PA11 has lowest pHRR value, it significantly reduced the on- Table 4 summarizes several key parameters from the MCC results. Calculated from the peak HRR, Heat Release Capacity (HRC) is an intrinsic material property indicative of materials' flammability; it is independent of sample size and heating rate. Since the HRC can only be calculated from materials that decomposes in the single step fashion [16] , the HRC value for the ALM powers are left blank in Table 4 . 15FR_20K_2.5NC_2.5MWNT have the lowest HRC among all formulations. It is worth noticing that all nanocomposite formulations have obvious effect on enhancing the peak HRR temperatures which means the time to ignition will be delayed. Compare to results from Part 1 of this study, the HRC value of the nanocomposite formulations at the same FR loadings (15 wt.%) are similar [3] . This indicates that partially replacing nanoclay with MWNTs have no significant effect on the heat release behavior of the PA11 blend. Figure 4 shows an interaction plot showing the effect of nanoparticle concentration on HRC. As the elastomer concentration increases from 10 wt.% to 20 wt.%, the HRC of formulations with 2.5 wt.% nanoclay and MWNT saw initial increase at 15 wt.% elastomer loading followed by a relatively obvious reduction at 20 wt.%. The HRC of the second set of formulations containing 3.5 wt% of nanoclay and MWNTs remain stable regardless of the elastomer concentration. Overall, the MCC results indicates that all FR nanocomposite formulations could effectively reduce materials' flammability, however, there is no clear correlation between nanoparticle, elastomer concentration, and the flammability. Table 5 summarizes the UL 94 test results for all the FR nanocomposite PA11 formulations. All formulations passed the V0 rating which means they all exhibit nondrip and self-extinguishing properties. Figure 5 shows the post-test samples. All samples show slight swelling at the tip due to the intumescent FR additives. Similar to the MCC results, the difference in elastomer, nanoclay, and MWNTs concentrations seem to have negligible effect in the UL 94 tests. The post-test specimens shown in Figure  5 looks no difference and the combustion durationfor all the nanocomposite formulations are also very close. Compared to the FR PA11 samples in the Part 1 of this study where no MWNTs were used [3] , it is possible that there is a synergistic effect between nanoclay and MWNTs in improving the flame-retardant of PA11. Because replacing nanoclays with MWNTs does not change decomposition and heat release behaviors, it is believed that this synergistic effect comes from the formation of a better barrier effect from the charred surface. 
UL 94
Mechanical properties
Based on the MCC results, two formulations were tensile tested: 15FR_20K_2.5NC_2.5MWNT and 15FR_15K_3.5NC_3.5MWNT. These two formulations have the lowest heat release capacity out of all the formulations in this study. Table 6 summarizes the room temperature mechanical properties. From our previous studies, it is known that the main impact of the FR and nanoclay on mechanical properties lies in the elongation at break, which is typically decreased by more than 90% [3] . Compared to neat PA11, there is a decrease in the tensile strength for the two formulations tested. PA11 has a tensile strength of 49 MPa and both formulations have a tensile strength of 33 MPa. This is a similar trend observed in our previous studies where the tensile strength decreased with the addition of the flame retardant, elastomer, and a nanoparticle. The addition of both nanoclay and MWNTs, however, increased the modulus for both formulations. Although the elongation at break decreased from 164% to 17 and 30%, these values are significantly higher than the 4% that Johnson et al. reported in [10] . According to the company's datasheet, ALM's material has higher tensile strength and elongation at break than the FR PA11 nanocomposite formulations, but lower modulus. A more appropriate comparison between ALM's and our formulations should be made after SLS specimens are made.
Morphological microstructural analysis
TEM
To examine the dispersion of the nanoparticles, Figure 6 shows the TEM micrograph of a representative formulation containing both carbon nanotube and nanoclay. At lower magnifications, large FR particles can be identified and nanoclays together with MWNTs are evenly distributed throughout the sample. Higher magnification images clearly show that the MWNTs are individually separated, and the majority of the nanoclay have been exfoliated. This indicates that the nanoparticles have good com-patibility with the PA11 matrix and the twin screw extrusion process achieved a good dispersion of the additives.
Char morphology
After completion of both the UL 94 and tensile tests, the formulation 15FR_20K_2.5NC_2.5MWNT with the overall best mechanical and flammability properties was chosen and cross-section SEM images were taken. Representative images for both post-UL 94 and tension are shown below in Figures 7 and 8 , respectively. Figure 7 shows the post-UL 94 testing SEM images. Similar to our previous studies [3] , the FR char layer acted as a thermal shield to protect the polymer matrix by expanding and re-radiation. The char layer is composed of solid chars surrounded by small particles possibly from the nanoclay and MWNTs. This could be attributed to the synergism between the FR, NC, and MWNT. The fractural surface shown in Figure 8 indicates that all FR particles are evenly distributed and imbedded in the PA11 matrix. The large number of voids throughout the cross section of the specimen explain the decrease in strength and elongation at break.
Conclusion
In summary, elastomer toughened FR PA11 nanocomposite formulations with varying elastomer and nanoclay/MWNT concentrations were prepared by twin screw extrusion. Thermal, flammability, mechanical properties, and morphological microstructural analysis were performed. Good dispersion of both nanoclay and MWNTs were achieved. The addition of FR, nanoclay and MWNT improved the materials' thermal stability and flame-retardant properties. Taking advantage of the synergism between nanoclay and MWNTs, all FR nanocomposite formulations achieved UL 94 V0 rating. Solid char layers made of FR, nanoclay and MWNTs formed on the surface after combustion. Due to poor interfacial bonding between flame retardant and the PA11 matrix, the tensile strength of the nanocomposite FR PA11 are lower than the neat polymer, however, the FR and nanoclay/MWNT significantly improved the materials' modulus. Elongation at break as high as 30% was reported. In this study, no significant difference was found among the FR PA11 formulations throughout all characterizations.
Further investigations into the relationship among the added components as well as SLS process for the selected formulations are needed.
